Although die casting is a near net shape manufacturing process, it mainly involves a thermal process. Therefore, in order to produce high quality parts, it is important to determine casting-mold interfacial heat transfer coefficient and heat flux. In this paper the effects of different injection parameters (second phase velocity, injection pressure, pouring and die temperature) on heat flux and interfacial heat transfer coefficient were investigated experimentally and numerically. Experiments were performed in cylindrical geometry using a cast aluminum alloy A360 against H13 steel mold. Selected injection parameters were 1.7-2.5 m/s for second phase velocity, 100-200 bar for third phase pressure, 983-1053 K for pouring temperature and 373, 433, 493, 553 K for the die temperature. These parameters were used for both non-vacuum and vacuum conditions in the cavity of the mold. The effects of the application under vacuum conditions were also studied. Temperatures were measured as functions of time, using 18 thermocouples, which were mounted at different depths of casting and mold material. Measured and calculated temperature values are found compatible. Interfacial heat transfer coefficient h and heat flux q depending on the experimentally measured temperature values were calculated with finite difference method using explicit technique in C# programming language. In addition to experiments, Flow-3D software simulations were performed using the same parameters. Interfacial heat transfer coefficient and heat flux results obtained from Flow-3D are also presented in the study. Interfacial heat transfer coefficient has decreased as a result of increasing of temperature of mold and pouring. In addition, interfacial heat transfer coefficient values have increased slightly with the increase of injection speed and pressure. It was observed that the values of interfacial heat transfer coefficient and heat flux have also increased when vacuum was applied inside the cavity of the mold. When all injection parameters are considered, it is seen that the interfacial heat transfer coefficient varies between 92-117 kW/m 2 K.
Introduction
Nowadays aluminium materials are used widely in automotive industry due to their low density, high strength and thermal conductivity features. The most important method used in the manufacturing of aluminium parts is the high pressure die casting method which permits the direct production of the net shaped product. Due to the short cycle time in the high pressure die casting process (HPDC), the mold is exposed to large temperature fluctuations in each cycle. Therefore, the determination of the interfacial heat transfer coefficient (IHTC) in the HPDC process is extremely important. The heat transfer mechanism at the interface of mold and casting considerably affects the micro and macro structure of the casting component. Especially when HPDC is compared with other casting methods, the effect of high thermal conductivity of casting and mold material is important for the determination of IHTC [1] [2] [3] [4] [5] [6] [7] .
The true determination of IHTC during the solidification in the HPDC process depends on the very precise determination of the thermodynamic properties of casting and mold material, which depend on temperature, distribution of mold temperature and boundary conditions. These parameters will vary depending on temperature * corresponding author; e-mail: muratkoru@sdu.edu.tr and time throughout the process. During this process, while heat is transferred by conduction significantly, it also can be transferred by radiation and convection due to high temperature [6] [7] [8] [9] [10] . On the other hand, by the evacuation of the air in the mold cavity before the injection process, it is possible to improve interfacial contact between the casting and mold. Air evacuation system has been developed for this purpose. When the air in the mold cavity is discharged through the evacuation system, the amount of air voids at the interface of molten metal in contact with the mold will be decreased. In this case, the casting-mold IHTC is affected positively. In addition, literature results show that the mechanical properties of the samples are positively affected by application of vacuum [11] [12] [13] [14] .
In literature, there are two different methods used to determine the casting-mold IHTC. First on is based on the measurement of the interface gap size by the linear variable displacement transducer (LVDT) and determining of the IHTC depending on the gap size [15] . The other method is to measure the temperature with thermocouples placed at different points of the cast and mold material and to calculate the heat transfer coefficient of the interface by the numerical calculation methods (FDM, FEM).
This study aims to determine IHTC and heat flux according to different injection parameters (second phase velocity, injection pressure, pouring and die temperature,
vacuum and non-vacuum) of A360 aluminium alloy during HPDC. In this aspect, A360 aluminium alloy is used for casting material and H13 hot work steel is used for mold material. Numerical analysis is performed using Flow-3D simulation software for all injection parameters. The data obtained from the thermocouples placed in the casting and mold material, suitable for the cylindrical geometry, and the data obtained from the simulation software are treated by a computer code written in C# programming language depending on FDM to calculate the IHTC h and heat flux q values. The results obtained for the different injection parameters are compared with the literature values.
Materials and methods

Setting of experimental system
During the pressure casting process, a cylindrical geometry proper for standard tensile samples was made in a CAD software in order to determine the temperature distribution, heat flux and IHTC. The most appropriate gating and venting channels are designed using the casting simulation software. Resulting design is shown in Fig. 1 . 18 calibrated mineral insulated type-K thermocouples with ±1.5
• C measuring accuracy were placed radially in the cross section of the cylindrical part, in order to measure the temperature of the mold and of the A360 alloy ( Fig. 2) . In the experimental study of high pressure casting process, Al-Si alloy (A360) is used as cast alloy. The chemical composition of A360 alloy used in the experiments is given in Table I . Thermophysical properties of the mold and the casting material used in the experimental study are given in Table II [16] . The melting of casting material was made in the electric smelting furnace. Selected mold temperatures were 373, 433, 493, 553 K. Selected casting temperatures were 983 and 1053 K. The liquid metal was poured into the chamber of the pressure casting machine by means of a bucket. For pressure casting process, injection pressure (intensification pressure) was chosen as 100-200 bar and injection 2nd phase velocity was 1.7-2.5 m/s. In addition to these different parameters, the experiments were repeated using the vacuum device in vacuum and nonvacuum conditions. During solidification, temperatures were measured using thermocouples in time interval of 0.004 seconds. These measured values have been recorded by a data acquisition unit (NI SCXI-1600) and have been transferred to a computer. Using this interface temperature set for mold and casting, IHTC and heat flux values were determined depending on the initial temperature of the mold.
Determination of time-dependent heat transfer coefficient with finite difference method
Due to the ease of application, the finite difference method (FDM) is used widely for finding numerical solutions. Using FDM a function is determined only at a number of discrete points. In such case, it is possible to estimate the value of the function in the other points. Because of this convenience, in many cases, the problem is reduced in the FDM. In Fig. 3 , cylindrical coordinate system and application of the FDM are given. The heat transfer coefficient h in the radial direction can be analyzed by Eq. (1) if mold and casting temperatures are differently chosen.
∂T ∂r
For solid and liquid phase conditions of both mold material and casting material, the solution of unidimensional time-dependent equation in cylindrical geometry, the heat transfer equation, is obtained as time-dependent temperature distribution
In Eq. (2), if k is independent of temperature, it is possible to write the right side of this equation as given in Eq. (3)
After calculating the derivative of function T (r), using the center of difference r m point, Eq. (4) is obtained
In FDM the reference point is generally named as node point and all these points are named as system. In this method, the sensitivity of the numerical solution is dependent on the number of determined system points. If the number of points is high, the solution is more sensitive. From this equation in cylindrical geometry, a suitable heat transfer equation for FDM calculation can be obtained as given in Eq. (5) ρc k 
The temperatures measured by the thermocouples T M15 , located on the mold far away, 15 mm back of the interface, and T C15 , located on the casting far away, 15 mm from the interface, were used for the initial boundary conditions. Measurements were used for determination of the other unknown temperatures of the nodes. Second boundary conditions were the temperature values taken from T C2 and T M2 thermocouples. The unknown temperatures were calculated by the Beck method. T C and T M were found for all time intervals and all nodes. Then, the IHTC h was calculated using Eq. (1).
Boundary conditions
As the initial boundary condition, the temperature values, measured by thermocouples, which were placed 15 mm behind and 15 mm in front of the mold interface, were used for all unknown temperatures of other nodes. At each time interval, the temperature of all nodes and interfaces in T C and T M were obtained.
Results and discussion
A total of 72 simulations were performed to investigate numerically the high pressure casting process. Simulations were performed using Flow-3D program. Solidification results obtained from the simulation program are shown in Fig. 4 . In Fig. 4 , it is seen that solidification starts at the thin wall portion of the tensile sample, near the vacuum valve. The last solidification area is located in the cylinder where the wall thickness is the largest. Figure 5 shows IHTC obtained by calculation using experiments and simulation program. Figure 6 presents the heat flux values for all parameters. When Fig. 5 is examined, it is seen that mold temperature has the highest effect on IHTC. By the increase of mold temperature, IHTC is reduced by 6% in both experimental and simulation results. Increasing the mold temperature reduces the value of heat flux by approximately 11% (Fig. 6 ). Srinivarsan [19] , Dour [6] and Guo Zhi-Pengvd [20] have stated that increasing the mold temperature reduces IHTC. On the other hand, in studies of Hallam and Griffiths [16] , IHTC has increased with the increase of mold temperature. When the casting is made at room temperature, IHTC values are 1700-2250 W/m 2 K, at mold temperature of 573 K these values are 1900-2080 W/m 2 K. Akar et al. [10] have determined that maximum IHTC at mold temperature of 373 K is 9749 W/m 2 K, at 423 K it is 14790 W/m 2 K and at 473 K it is 17300 W/m 2 K. Figures 5 and 6 show that when the casting temperature increases, IHTC and heat flux are increasing by 3% in experimental results and by 2% in simulation results. Kim et al. [3] , have investigated casting temperature as function of mold-casting interfacial heat. Maximum IHTC value determined at casting temperature of 1033 K was 1360 W/m 2 K, at 1083 K it was 1640 W/m 2 K and at 1133 K it was 1860 W/m 2 K. They found that when the casting temperature was increased, the IHTC value had also increased.
Hamasaiid et al. [21] have investigated injection first and second phase velocities. When the injection velocity is increased, heat flux values are increased at both runner and body areas. Dour et al. [6] have investigated injection velocities and they stressed the important effect of velocities on heat flux. Similar to these studies, despite small change of velocity (1.7 to 2.5 m/s), when the injection velocity was increased, heat flux values have increased a little bit. Heat flux value is very high at the injection start value and then decreases gradually. Heat flux (5-20 kW/m 2 ) is increased with the increase of injection velocity. Dour et al. [6] In the equation, h is heat transfer coefficient (kW/m 2 K). Vac is vacuum application parameter. If vacuum is applied its value is 2, otherwise it is 1. P is injection pressure (bar), V is injection rate (m/s), T C is casting temperature (K), T M is mold temperature (K). The accuracy rate of this equation is 79%. 2 ) and the rest is the same as in Eq. (9) . The accuracy rate of Eq. (10) is 59%.
Conclusions
• The temperature differences between experimental measurements and FLOW-3D simulation results are ranging from 5 to 25 K. This temperature difference reveals the eligibility of experimental temperature measurements.
• Experiments were repeated five times for the same experimental conditions. In addition, the difference between temperature values of these measurements is set at 10 K.
• Increase of the mold temperature reduces interfacial heat transfer coefficient and heat flux values. Eq. (1) reveals that heat flux value decreases when h value becomes stable with decreasing of the difference between casting and mold temperature. The results obtained from this study also support this. At the same time, Eq. (1) also reveals that heat flux and IHTC values decrease with respect to the increase of the mold temperature. Experimental results show similar outcomes.
• Increase of the casting temperature causes an increase in IHTC and also a decrease in heat flux.
• When the amount of air gap between the casting and the mold is reduced by vacuum application, IHTC is increased.
• Mold-casting IHTC and heat flux values can be calculated using Eqs. (9) and (10), which depend on the mold and casting temperatures as well as injection velocity, injection pressure and vacuum application parameters.
• When all injection parameters are considered, it is observed that the IHTC and heat flux change between 92-117 kW/m 2 K and 730-1320 kW/m 2 , respectively.
